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Introduction {#sec1}
============

Although the neural retina is known to be glycolytic ([@bib5], [@bib71]), until recently little attention has been given to the metabolic activity of the retinal pigment epithelium (RPE). Besides its structural support, the RPE maintains its metabolic homeostasis and that of the neural retina by bidirectional filtering of metabolites and thus providing highly regulated nutritional support to the neural retina ([@bib39], [@bib64]). One of the most critical roles of the RPE is the daily phagocytosis of the photoreceptor outer segments (OSs) and recycling of their essential components back to the neural retina ([@bib34]). This is further compounded by the fact that a single RPE cell interacts with multiple photoreceptor OSs ([@bib60], [@bib67]) and thus undoubtedly increases its metabolic and recycling load ([@bib64]). As the high metabolic activity of the neural retina is mainly contributed by the photoreceptors ([@bib13], [@bib73]), this creates more demand on the RPE to maintain the high metabolic requirements ([@bib33]). Any dysregulation to this will lead to retinal dystrophies like age-related macular degeneration (AMD) and retinitis pigmentosa (RP) ([@bib20], [@bib24], [@bib26], [@bib43], [@bib51], [@bib66]).

Interestingly, most of our knowledge of the metabolic equilibrium between the RPE and the neural retina came from studies focused on OS phagocytosis in *ex vivo* or *in vitro* ([@bib2], [@bib11], [@bib17], [@bib18], [@bib33], [@bib50], [@bib65]). These studies have demonstrated the dependence of the RPE metabolism on OS phagocytosis and recycling back to the neural retina. Although these studies support the notion of metabolic interdependence between these tissues, a comprehensive comparative metabolic profiling of the RPE and the neural retina under physiological steady-state condition is lacking. However, a recent *in vivo* study demonstrated the effect of factors like mode of euthanasia and how they could differentially alter the levels of some metabolites in the neural retina and RPE ([@bib77]). It is therefore imperative to comparatively evaluate the homeostatic metabolic signature of both the neural retina and the RPE.

In the current study, we elucidated the metabolic symbiosis between the neural retina and the RPE by measuring their steady-state metabolites and mapped their respective pathways. To eliminate potential variabilities, samples were highly controlled using inbred 45-days-old C57BL/6 mice that were fasted for 6 h; tissues were collected within short time (\~2 min per sample), at a specific time of the day (2--3 p.m.), and from anesthetized animals to avoid the effect of carbon dioxide euthanasia. Furthermore, neural retina and its corresponding RPE-choroid from six animals were combined to increase the power of each data point. Ultra-high-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) analyses on at least eight different samples identified 650 metabolites from both tissues that showed differential levels. A total of 387 metabolites were found higher in the RPE-choroid, whereas 163 were higher in the neural retina. Mapping their pathways pointed to the significant increase in the synthesis of phospholipids like phosphatidylserine and sphingolipid metabolism in the RPE-choroid. We also found that both the pentose phosphate pathway (PPP) and the serine biosynthesis pathway that feed off the glycolytic intermediates upstream to PGA (3-phosphoglycerate) were all elevated in the RPE-choroid by at least 2-fold over the neural retina. We also show several fold upregulation in β-oxidation of fatty acid in the RPE-choroid over the neural retina. In summary, our data state that the RPE-choroid is at a much higher metabolic state than previously appreciated.

Results {#sec2}
=======

Metabolic Clustering Is Significantly Different in the RPE and the Neural Retina {#sec2.1}
--------------------------------------------------------------------------------

*In vivo* comparisons of the steady-state levels of metabolites in the neural retina and the RPE are understudied. Most of our information on the levels of these metabolites has been from *in vitro* system and flux analyses ([@bib17], [@bib33], [@bib75]). Here, we focused our studies to address the steady-state differences in these metabolites between the neural retina and the RPE-choroid in inbred C57BL/6 mice at a time of the day where the least variabilities are anticipated from OS shedding ([@bib76]) and rhythmic protein synthesis ([@bib56]). We also chose to fast the animals for 6 h to overcome the inconsistencies arising from blood nutrient level variations resulting from *ad libitum* feeding. We have recently shown that 6-h fasting is adequate to reflect the steady-state level of some metabolites in the neural retina and the RPE ([@bib58]). Indeed, blood glucose levels from fasted animals were significantly lower than the *ad libitum*-fed animals, and more interestingly, we noticed much less variabilities between the samples ([Figure 1](#fig1){ref-type="fig"}A). Furthermore, and to ensure reliability of the data, we combined samples from six different animals where their RPE-choroid was collected in one tube and comparable neural retinas in the other tube and was considered as one sample. At least eight samples were collected for each tissue. It is important to note that sample collections were done within a short period (\~2 min per eye) and while the animal is under anesthesia to avoid interference from euthanasia with carbon dioxide ([@bib46]). Samples were immediately flash frozen and stored at −80°C until analysis.Figure 1Metabolic Clustering in the RPE and Retina(A) Blood glucose levels in fasted and unfasted animals before tissue collection for metabolomics analyses shown as min-max whisker plot with error bars reflecting mean ± SEM.(B) Principal-component analysis of all samples reveal significantly discrete separation for both groups (neural retina in red, RPE-choroid in green), with contribution of each principal component showed in % along the axes.(C) Volcano plot on all samples shows significantly different metabolites (shown in pink) across RPE-choroid and neural retina with a cutoff of p \< 0.05 (t test).(D) Pathway enrichment using respective HMDB and KEGG ID segregates these metabolites in distinct metabolic pathway as clusters, with each reflecting RPE-choroid to neural retina ratio as elevation in red circle and reduction in green circle. The degree of impact of each change to the respective metabolic pathway is reflected by the size of the circles.(E) Scattered plots of the metabolites whose comparative levels have been previously published are shown here to corroborate with our analysis. Student\'s two-tailed t test was done for statistical test with ∗∗∗∗p \< 0.0001. (NR, neural retina; RPE-Ch, RPE-choroid).

Principal component analysis revealed clear segregation between the metabolites of the two tissues for all samples ([Figure 1](#fig1){ref-type="fig"}B), with principal component 1 (PC1) contributing 61.3% and principal component 2 (PC2) contributing 8.4%. Furthermore, volcano plot analyses revealed 650 metabolites having either Kyoto Encyclopedia of Genes and Genomes (KEGG) or Human Metabolome Database (HMDB) IDs to be significantly different (t test, p \< 0.05) between the neural retina and the RPE-choroid ([Figure 1](#fig1){ref-type="fig"}C). Statistical analysis coupled with pathway enrichment segregated these metabolites into discrete clusters, reflecting their elevation or depression as a ratio of their levels in the RPE-choroid to the neural retina and the impact of these changes on each of the cluster ([Figure 1](#fig1){ref-type="fig"}D). The clusters associated with the amino acid, peptide, and lipid metabolism have the highest degree of impact on the RPE-choroid over the neural retina, whereas the cluster associated with the carbohydrate metabolism has lesser impact. In the neural retina, we found that the cluster linked with purine/pyrimidine metabolism has the highest effect. As a confirmation of the validity of our finding, we show ([Figure 1](#fig1){ref-type="fig"}E) that the measurements of known metabolites like cGMP ([@bib15], [@bib19]), flavins ([@bib58]), gamma-aminobutyric acid (GABA) ([@bib6], [@bib10]), and retinoids ([@bib36]) are in agreement with previous data.

Parts of the Glycolysis Pathway in the RPE Are Selectively Elevated {#sec2.2}
-------------------------------------------------------------------

It is known that the glucose flux through glycolysis in the neural retina is much higher than in the RPE, although it is mainly transported from the RPE ([@bib28], [@bib33]). In cases when glucose uptake by the RPE was reduced, neural retinal glucose uptake was diminished ([@bib65]). However, the steady-state levels of glucose in the RPE relative to the neural retina have not been assessed. [Figure 2](#fig2){ref-type="fig"}A shows that the steady-state level of glucose in the RPE-choroid is 3-fold higher than in the neural retina, after 6 h of fasting. To ascertain whether this higher level of glucose in the RPE-choroid is to satisfy the metabolic demand of the RPE or to act as a reservoir for the neural retina, the levels of phosphorylated glucose were assessed ([Figure 2](#fig2){ref-type="fig"}B). RPE-choroid level of glucose-6-phosphate (G-6-P) is \~3.5-fold higher than that of the neural retina, mirroring the glucose levels. This suggests that the RPE utilizes glucose for its own metabolic needs. The fact that we observed no differences in the levels of the subsequent glycolytic intermediate, fructose 1,6-bisphosphate, between the neural retina and the RPE-choroid ([Figure 2](#fig2){ref-type="fig"}C), suggests that the RPE uses G-6-P in an alternative pathway, likely the PPP.Figure 2Upregulation of Specific Glycolytic Intermediates(A--K) Various metabolites involved in the glycolysis and pentose phosphate pathway were analyzed from neural retina and RPE-choroid. The levels of these metabolites for both neural retina and RPE-choroid are shown (A--J) along with a graphical representation of glycolysis (K), with the significantly elevated metabolites in RPE-choroid boxed in red, those elevated in neural retina marked by an underline, and those not measured marked by an asterisk. Each group has a sample size of n = 8 for neural retina and n = 9 for RPE-choroid. The metabolites having significant differences between neural retina and RPE-choroid are shown (A--G) with ∗∗p\<0.001, ∗∗∗p\<0.0001, and ∗∗∗∗p\<0.00001. Data presented as mean ± SEM. (NR, neural retina; RPE-Ch, RPE-choroid).

Pentose Phosphate Pathway Is Significantly Higher in the RPE {#sec2.3}
------------------------------------------------------------

We next evaluated the metabolites involved in the PPP to assess whether it is indeed the alternative pathway for the RPE to utilize G-6-P. As the rate-limiting step of the PPP is 6-phosphogluconate, it is expected that if levels of 6-phosphogluconate are high, then G-6-P does not enter PPP ([@bib63]). Interestingly, 6-phosphogluconate level in the RPE-choroid is about half that in the neural retina ([Figure 2](#fig2){ref-type="fig"}D), demonstrating that PPP is more active in the RPE than in the neural retina and that it is likely the pathway for the RPE to utilize G-6-P. This observation is further supported by the higher levels of the subsequent intermediates of the PPP in the RPE-choroid, ribose monophosphate (\~3-fold) and sedoheptulose-7-phosphate (\~2.5-fold) ([Figures 2](#fig2){ref-type="fig"}E and 2F).

In support of our observation is the fact that when isocitrate dehydrogenase activity was blocked (i.e., reductive carboxylation), steady-state levels of redox potential markers were found unchanged in the RPE-choroid, suggesting that they likely are provided by the PPP ([@bib18]). Indeed, assessment of the primary output of PPP (NADP^+^/NADPH) revealed that NADPH level is high in the RPE-choroid ([Figure S1](#mmc1){ref-type="supplementary-material"}A), further validating the preference of the RPE to run an elevated PPP than the neural retina.

Glycolysis Is Partially Elevated Post-Pentose Phosphate Pathway {#sec2.4}
---------------------------------------------------------------

As PPP feeds back to glycolysis via glyceraldehyde-3-phosphate ([Figure 2](#fig2){ref-type="fig"}K), we here assessed the steady state levels of 3-phosphoglycerate and found it to be ≥ 3-fold higher in the RPE-choroid ([Figure 2](#fig2){ref-type="fig"}G). We next assessed the steady-state levels of the metabolites post this step in the glycolytic pathway and found them to be comparable to that of the neural retina ([Figures 2](#fig2){ref-type="fig"}H--2J). Because of this unexpected outcome and the fact that glucose in the neural retina is converted to lactate ([@bib72]) and flux analysis showed it to be transported to the RPE to enter the tricarboxylic acid (TCA) cycle ([@bib28]), the comparable steady-state levels of lactate in the RPE is likely maintained by the neural retina. This is supported by the high expression level of pyruvate kinase M2 ([Figure 2](#fig2){ref-type="fig"}K) in the photoreceptors ([@bib11], [@bib41], [@bib48], [@bib47], [@bib52], [@bib74]).

RPE Harbors an Elevated Anaplerotic TCA Cycle {#sec2.5}
---------------------------------------------

We next evaluated the steady-state levels of the TCA metabolites. The levels of citrate and aconitate are found to be higher in the RPE-choroid by \>1.3-fold and \>2.5-fold, respectively, whereas α-ketoglutarate level is lower by \~2.5-fold ([Figures 3](#fig3){ref-type="fig"}A--3C). As the latter feeds the next steps in the TCA cycle and to glutamate synthesis, we next evaluate their associated metabolites. For the next step in the TCA, we measured the steady-state level of succinate and found it to be 1.5-fold higher in the RPE-choroid ([Figure 3](#fig3){ref-type="fig"}D), whereas fumarate and malate are slightly lower ([Figures 3](#fig3){ref-type="fig"}E and 3F). As previously shown ([@bib16]), we also found that the glutamate level is significantly lower in the RPE-choroid ([Figure 3](#fig3){ref-type="fig"}G), whereas levels of glutamine, ornithine, and proline, metabolites derived from glutamate, are unexpectedly higher ([Figures 3](#fig3){ref-type="fig"}H--3J). Based on these results, we conclude that the TCA cycle intermediates are used by both the neural retina and the RPE to support the synthesis of these non-essential amino acids, but more so in the RPE. This observation is in sync with the higher flux of proline synthesis from glucose seen in the RPE ([@bib18]) and with the observation that proline is a modulator of cellular redox potential ([@bib35]) known to be high in the RPE.Figure 3Differential Anaplerotic Shunt in the RPE and Retina(A--K) Metabolites involved in the TCA cycle were analyzed from neural retina and RPE-choroid. The levels of these metabolites for both neural retina and RPE-choroid are shown (A--H, J, and K) along with a graphical representation of TCA cycle (I), with the significantly elevated metabolites in RPE-choroid boxed in red, those elevated in neural retina marked by underline, and those not measured marked by an asterisk. Each group has a sample size of n = 8 for neural retina and n = 9 for RPE-choroid. The metabolites having significant differences between neural retina and RPE-choroid are shown (A--E) with ∗p \< 0.05, ∗∗p \< 0.001, ∗∗∗p \< 0.0001, and ∗∗∗∗p \< 0.00001. Data represented as mean ± SEM. (NR, neural retina; RPE-Ch, RPE-choroid).

Progression of the TCA cycle is controlled chiefly by the synthesis of α-ketoglutarate and its irreversible breakdown into succinate ([Figure 3](#fig3){ref-type="fig"}K) ([@bib68]). It has been shown that the higher level of succinate inhibits α-ketoglutarate dehydrogenase activity and thus prevents its progression through the TCA cycle ([@bib59]). Therefore, it is likely that the consumption of α-ketoglutarate in the RPE is through anaplerotic part of the TCA rather than through cataplerosis. This is supported by our finding that the combined (cytoplasmic and mitochondrial) ratio of NAD^+^/NADH in the RPE-choroid is \> 3-fold higher ([Figure S1](#mmc1){ref-type="supplementary-material"}B).

β-Oxidation of Fatty Acids Is the Main Source of Fuel for the RPE {#sec2.6}
-----------------------------------------------------------------

Two interesting questions arise from the previous results. First, how does the RPE manage to maintain higher level of the initial TCA cycle intermediates even with levels of pyruvate and lactate are comparable to those of the neural retina? Second, if the RPE is diverting its TCA cycle intermediates toward anaplerotic reactions, what is the main source of its ATP production? Acetyl CoA is produced from ketone bodies, β-oxidation of fatty acids, or lactate that is released from the neural retina ([@bib4], [@bib33]). All precursors of β-oxidation of fatty acids were found higher in the RPE-choroid ([Figures 4](#fig4){ref-type="fig"}A--4C) thus driving the reaction forward. This suggests that the majority of acetyl CoA entering the TCA cycle is likely coming from elevated β-oxidation of fatty acids in the RPE. Moreover, β-oxidation of fatty acids generates \[(n/2)-1\] molecules of NADH and FADH~2~ per cycle of β-oxidation from "n" carbons. We next assessed the steady-state levels of malonylcarnitine and deoxycarnitine, two rate-limiting metabolites in β-oxidation of fatty acids. Malonylcarnitine is known to be essential for the long-chain acylcarnitine entry into the mitochondria for fatty acid oxidation and was found to be \~4-fold higher in the RPE-choroid ([Figure 4](#fig4){ref-type="fig"}D). Following this, all the members of acylcarnitine involved in oxidation of fatty acids are elevated in the RPE-choroid. In addition, the precursor to L-carnitine, γ-butyrobetaine (deoxycarnitine), is significantly reduced \>0.5-fold in the RPE-choroid ([Figure 4](#fig4){ref-type="fig"}E) thus pushing the acylcarnitine biosynthesis forward in the RPE-choroid. L-carnitine is essential for the oxidation of fatty acids as it enables transport of fatty acids across the mitochondrial membrane to trigger the process. Thus, the oxidation of fatty acids seems to be the primary source of energy generation in the RPE, in agreement with what was previously observed in an *in vitro* system ([@bib2]). Products of fatty acid oxidation can be recycled as precursors for phospholipid synthesis, as evident from the higher level of diacylglycerol we detected in the RPE-choroid ([Figures 4](#fig4){ref-type="fig"}F and 4G). These oxidized lipids are known to recycle into sphingolipid synthesis in other tissues ([@bib23]) and in agreement with our results showing elevated levels of sphingolipids and ceramides in the RPE-choroid ([Figures 4](#fig4){ref-type="fig"}H and 4I).Figure 4Fatty Acid Metabolites and Sphingolipids Are Higher in RPE(A--G) Metabolites involved in β-oxidation of fatty acids and sphingolipids (H and I) were analyzed in neural retina and RPE-choroid. The levels of these metabolites as a ratio of RPE-choroid over neural retina are shown, with only significantly elevated metabolites being marked inside red box and the significantly lower metabolites being marked inside green boxes. Each group has a sample size of n = 8 for neural retina and n = 8 for RPE-choroid. (A) Heatmap and dendrogram clustering for acylcarnitine metabolites in neural retina and RPE-choroid samples reflects distinct clustering between the two groups and clear elevation for most metabolites in the RPE-choroid. (B) Acylcarnitine metabolites involved in β-oxidation of fatty acids and having significant change (t test with p \< 0.05) shown as fold change of RPE-choroid to neural retina from among the features identified in (C). (C) EBAM plot for the metabolites involved in acylcarnitine metabolism with a cutoff of 0.9 for delta identifies 43 significant metabolites (features) shown in empty green circles. (D) Malonylcarnitine levels shown in neural retina and RPE-choroid samples as a scatterplot (mean ± SEM) with t test for significance (∗∗∗∗p\<0.00001). (E) Deoxycarnitine levels shown in neural retina and RPE-choroid samples as scatterplot (mean ± SEM) with t test of significance (∗∗∗∗p\<0.00001). (F) Heatmap and dendrogram clustering for diacylglycerol metabolites across all neural retina and RPE-choroid samples reflects distinct clustering between the two groups and clear elevation for most metabolites in the RPE-choroid. (G) EBAM plot for the diacylglycerol metabolites with a cutoff of 0.9 for delta identifies 17 significant metabolites (features) shown in empty green circles.(H) Heatmap and dendrogram clustering for sphingolipid metabolites across all neural retina and RPE-choroid samples reflects distinct clustering between the two groups and clear elevation for most metabolites in the RPE-choroid.(I) EBAM plot for the metabolites involved in sphingolipid metabolism with a cutoff of 0.9 for delta identifies 29 significant metabolites (features) shown in empty green circles. (NR, neural retina; RPE-Ch, RPE-choroid).

Phosphatidylserine and Sphingolipid Biosynthesis Is Partially Responsible for Glycolytic Elevation in the RPE {#sec2.7}
-------------------------------------------------------------------------------------------------------------

The elevated steady-state level of 3-phosphoglycerate in the RPE-choroid coupled with comparable levels of metabolites downstream glycolysis suggests the utilization of 3-phosphoglycerate by an alternative pathway, likely serine biosynthesis. Both serine and its precursor phosphoserine were found to be \>1.5-fold higher in the RPE-choroid ([Figures 5](#fig5){ref-type="fig"}A, 5D, and 5E). Accordingly, levels of specific members of phosphatidylserine listed in [Figure 5](#fig5){ref-type="fig"}A were also found higher in the RPE-choroid. As phosphatidylserine is synthesized in the final step, with inositol being replaced by serine, levels of the members of phosphatidylinositol pathway are lower in the RPE-choroid ([Figure 5](#fig5){ref-type="fig"}B), further indicative of the direction of the reaction. The lysophospholipids that are incorporated into these phospholipids also reflect a similar trend as above ([Figure 5](#fig5){ref-type="fig"}C), i.e., serine incorporated into lysophospholipids is significantly higher, whereas inositol incorporated into lysophospholipids is significantly lower.Figure 5Phosphatidylserine Synthesis is Elevated Over Other Phospholipids(A--C) Metabolites involved in phospholipid synthesis were analyzed in neural retina and RPE-choroid. Each group has a sample size of n = 8 for neural retina and n = 8 for RPE-choroid, with only significantly elevated metabolites being marked inside red box and the significantly lower metabolites being marked inside green box in the tables for respective pathway. (A) Heatmap with dendrogram clustering of metabolites involved in phosphatidylserine synthesis across neural retina and RPE-choroid samples reflects clear elevated levels in the RPE-choroid samples and distinct clustering between the two groups. EBAM plot for the metabolites involved in phosphatidylserine biosynthesis with a cutoff of 0.9 for delta identifies the significant metabolites (features) shown in empty green circles shown in [Figure S2](#mmc1){ref-type="supplementary-material"}. Fold change of RPE-choroid to neural retina is shown for five of these metabolites here, with the precursors of phosphatidylserine biosynthesis in the upper table and the products in the lower table. (B) Heatmap and dendogram clustering of metabolites involved in phosphatidylinositol synthesis across neural retina and RPE-choroid samples reflects clear reduced levels in the RPE-choroid and distinct clustering between the two groups. EBAM plot for the metabolites involved in phosphatidylinositol synthesis with a cutoff of 0.9 for delta identifies the significant metabolites (features) shown in empty green circles shown in [Figure S2](#mmc1){ref-type="supplementary-material"}. Three of these metabolites are shown here in the table as fold change of RPE-choroid to neural retina and reflects the highly reduced levels in RPE-choroid. (C) Heatmap and dendogram clustering of metabolites involved in lysophospholipid synthesis across neural retina and RPE-choroid samples reflects distinct clustering between the two groups. EBAM plot for the metabolites involved in lysophospholipid synthesis with a cutoff of 0.9 for delta identifies the significant metabolites (features) shown in empty green circles shown in [Figure S2](#mmc1){ref-type="supplementary-material"}. Six of these metabolites having significance are shown in the tables as fold change of RPE-choroid to neural retina and reflect highly reduced levels in RPE-choroid for the lysophospholipids with inositol, whereas the ones with serine being higher.(D--I) (D and E) Serine biosynthesis metabolites and their utilization in glycine (F) and sphingolipid metabolism (G and H) are shown as scatterplots to supplement to their heatmap as in [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, along with a representation of the pathway (I) with the significantly elevated metabolites in RPE-choroid boxed in red, those elevated in neural retina marked by underline, and those not measured marked by an asterisk. Student\'s two-tailed t test was done for statistical test with ∗∗∗∗p \< 0.0001. (NR, neural retina; RPE-Ch, RPE-choroid).

These results are in agreement with the above-mentioned higher levels of sphingolipid in the RPE-choroid and conclude that serine is the main precursor for its synthesis ([@bib45]). Even though serine can be converted to glycine, we found that the latter\'s level is \< 0.6-fold lower in the RPE-choroid ([Figure 5](#fig5){ref-type="fig"}F). In support of the finding that serine biosynthesis is elevated in the RPE-choroid, we interestingly observed increase in the steady-state levels of the precursors of sphingolipid synthesis, sphingadienine (\>3-fold) and sphinganine (\>3-fold) ([Figures 5](#fig5){ref-type="fig"}G and 5H). These changes are summarized in Figure 5I, depicting the serine biosynthesis pathway and sphingolipid biosynthesis being elevated in the RPE over the NR. Our data so far are in sync with a previous *in vitro* study showing that the RPE harbors enhanced glucose flux entering serine biosynthesis ([@bib18]).

Enzyme Levels in the Pentose Phosphate, Serine, and Sphingolipid Biosynthesis Pathways Are Significantly Elevated in the RPE {#sec2.8}
----------------------------------------------------------------------------------------------------------------------------

To determine whether the steady-state levels of metabolites in various metabolic pathways are differential between the RPE and the neural retina or also a reflection of their elevated relevant enzyme levels, we assessed the publicly available microarray gene expression dataset (GSE10246) ([@bib38]). This dataset was selected because both the age and strain of mice used matched ours. Processing the raw data and as presented in [Figure 6](#fig6){ref-type="fig"}A, we found that the transcript levels of almost all enzymes involved in metabolism are reflective of our metabolomics findings. A set of genes known to be highly expressed in the neural retina or the RPE, respectively, were chosen as controls and helped in validation of the dataset. Subsequently, the expression level of genes transcribing enzymes for glutathione peroxidase, sphingolipid biosynthesis, and initial reactions of the TCA cycle, serine biosynthesis, PPP, and β-oxidation of fatty acids were found to be higher in the RPE. To confirm this observation and to determine whether the level of the proteins were reflective of their equivalent message, key metabolic enzymes, in the RPE-choroid and neural retina, were quantified using immunoblotting. Both the transcript and protein levels for PGD (phosphogluconate dehydrogenase), the rate-limiting enzyme in the PPP, are higher ([Figures 6](#fig6){ref-type="fig"}A and 6B) in the RPE-choroid. The NADP^+^/NADPH ratio ([Figure S1](#mmc1){ref-type="supplementary-material"}A) also supports this observation. The elevated levels of glutathione peroxidase transcripts found in the RPE-choroid ([Figure 6](#fig6){ref-type="fig"}A) are in agreement with the lower ratio of GSH/GSSG we detected in the RPE-choroid ([Figure S1](#mmc1){ref-type="supplementary-material"}C). In addition, transcript levels of serine biosynthesis enzymes are all found elevated in the RPE-choroid, whereas the transcripts of the glycolytic enzymes leading to pyruvate synthesis are lower ([Figure 6](#fig6){ref-type="fig"}A). This is in agreement with our data in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} and the immunoblots in [Figure 6](#fig6){ref-type="fig"}B showing more PHGDH (phosphoglycerate dehydrogenase) and PSAT1 (phosphoserine aminotransferase 1) present in the RPE-choroid. Similarly, higher amount of PKM2 (pyruvate kinase) is detected in the neural retina at the protein level ([Figure 6](#fig6){ref-type="fig"}B). The heatmap and the accompanying immunoblots ([Figures 6](#fig6){ref-type="fig"}A and 6B) also show that the transcripts of the first two enzymes in the TCA cycle, citrate synthase and aconitase, along with all the enzymes involved in β-oxidation of fatty acids are also higher in the RPE-choroid, in support of our conclusion that the primary fuel entering the TCA cycle in the RPE-choroid is probably from β-oxidation and not glycolysis. Also, the transcripts of the enzymes involved in sphingolipid biosynthesis as well as the immunoblot of SGMS1 (sphingomyelin synthase 1) ([Figures 6](#fig6){ref-type="fig"}A and 6B) are higher in the RPE-choroid indicating sphingolipid metabolism being a critical component of the RPE-choroid as shown also in [Figures 4](#fig4){ref-type="fig"}H and 4I.Figure 6Transcript and Protein Levels of Metabolic Enzymes(A) Microarray expression data from [GSE10246](ncbi-geo:GSE10246){#intref0015} shows relative enrichment of the RPE-choroid in multiple enzymes involved in various metabolic pathways. The enzyme names are shown on the right, and the ones further analyzed at protein level in (B) have been marked with black arrowheads. The pathways the enzymes are involved in are shown on the left side of the heatmap.(B) Steady-state protein levels of some of the metabolic enzymes as in (A) for both RPE-choroid and neural retina further show elevated levels in the RPE-choroid. Each blot was performed twice, and a single representative image is shown here. Graphical representation of the quantitation performed on the immunoblots is shown next to the respective blot. Each group had n = 4, and each experiment was performed twice with five pooled retina and RPE-choroid in each sample. (NR, neural retina; RPE-Ch, RPE-choroid).

Discussion {#sec3}
==========

Studies using animal models have provided invaluable information on the important role of metabolic homeostasis in the health of the retina and pointed to the complex network of many players, which when altered lead to an aberrant metabolism. Although studies on human fetal ([@bib2], [@bib3], [@bib9], [@bib18], [@bib33], [@bib50], [@bib65], [@bib75]), immortalized ([@bib29], [@bib54]), or patient-derived RPE cells ([@bib30], [@bib31], [@bib32], [@bib40], [@bib42]) had surfaced the importance of metabolic symbiosis between the neural retina and the RPE, *in vivo* assessments are lacking. Much of our present knowledge on the differences in metabolic "flux" between the "RPE" and the neural retina comes from published work on either the "mouse eyecup (choroid, sclera, RPE)" or the "RPE-choroid" metabolic activity being interpreted as the "RPE" metabolic activity in both physiology and pathology ([@bib7], [@bib25], [@bib33], [@bib37], [@bib70], [@bib75], [@bib77]). One of the seminal articles credited for unraveling the mechanism of the RPE-photoreceptor metabolic ecosystem measured flux of labeled metabolites in between the two tissues ([@bib33]). In fact, in multiple experiments the authors used mouse eyecups and termed it as "bona fide" RPE. This was possible as they show that even though "RPE-choroid" of the mouse eyecup was composed of choroid and sclera tightly associated to the mouse RPE, the latter is far more metabolically active than either sclera or choroid and thus contributes overwhelmingly to the metabolite pool of "RPE-choroid" ([@bib33]). In the current study, we present a picture of the neural retina-RPE steady-state metabolic ecosystem taken in the middle of the light cycle and after 6 h of fasting. We reconstructed this metabolic landscape by correlating the respective steady-state metabolites and their corresponding metabolic enzyme levels from the murine neural retina and its respective RPE. As stated above, even though the flux of labeled metabolites between these two tissues is known, we show here that these differ significantly from the steady-state levels. Compared with the neural retina, we found the RPE has selectively elevated certain glycolytic and TCA cycle intermediates and coupled it with a highly elevated PPP to enable efficient serine and sphingolipid biosynthesis.

To measure the steady-state levels in the current study, we kept the time of collection of the tissue constant, i.e., at the middle of the light cycle (2--3 p.m.) to prevent effects of shedding and time of day being a variable; we fasted the animals for 6 h to ensure differential feeding does not interfere with the steady-state level of the metabolites; we used *bona fide* neural retina and corresponding RPE-choroid; and we collected the tissue from anesthetized animals rather than post-euthanasia with carbon dioxide. As explained earlier, it is well established that the RPE-choroid metabolic signature is actually representative of the *bona fide* RPE metabolism and does not skew the latter. Thus we used RPE-choroid in all our metabolite measurements.

It is important to note that the steady-state levels of glycolysis in the RPE have never been looked at under physiological conditions and we here show that the RPE has more than 3-fold requirement for glycolysis than the neural retina. Even though it is well accepted that the rate of glycolysis in the neural retina is very high ([@bib21], [@bib71]), the argument exists that the primary reason for this, besides rapid ATP production, is the generation of secondary metabolites as by-products of glycolysis ([@bib44]). It has been suggested that the RPE is less dependent on glucose ([@bib33]) and transports most of its blood-supplied glucose to the neural retina ([@bib69]). Glucose deprivation has also failed to result in significant RPE degeneration or metabolic imbalance ([@bib65]). Even though the neural retina may initially take up the majority of glucose entering the RPE ([@bib69]), our results suggest that the neural retina not only has lower basal level of glucose but also metabolizes less glucose than the RPE. This likely indicates that upon retinal saturation with glucose, the RPE\'s steady-state level of glucose accumulates for its own use. This observation is further supported by higher levels of glycolytic products that feed to serine biosynthesis and PPP. Both these pathways can generate the reductive currency to combat oxidative stress. In agreement with this, our study also revealed significant elevation of PPP, ratio of GSH/GSSG, and glutamine levels along with reduction in NADP^+^/NADPH ratio in the RPE to facilitate the scavenging efficiency of free radicals. We have also recently reported that the RPE also acquires high levels of flavins, another free radical-scavenging cofactor, when compared with neural retina at all ages ([@bib58]). Reduction in the steady-state levels of these radical-scavenging components in the RPE can disrupt the neural retina-RPE metabolic homeostasis, leading to pathologies such as AMD and diabetic retinopathy (DR) ([@bib12]).

Furthermore, we found the RPE matches the neural retina in PEP, pyruvate, and lactate levels. These results can be explained by the rapid transport of lactate from the neural retina to the RPE ([@bib28]), albeit remotely as these are steady-state levels and the notion that the RPE glycolytic flux is not only driven by pyruvate requirement but also by our finding of elevated serine biosynthesis. It is further possible that the metabolic preferences change in the RPE in diseased conditions and that the RPE may have a better fallback option than the neural retina to switch to, which helps it recuperate rapidly even when glucose reliance is removed ([@bib11]). We also show that the RPE has an effective TCA cycle anaplerosis, a finding supported by recent study showing glucose deprivation affecting the RPE to a lesser degree ([@bib65]). Thus, it seems the RPE is less reliant on glycolysis. The initial metabolites for the TCA cycle in the RPE can alternatively be obtained from (1) a high level of β-oxidation ([@bib50]), (2) lactate transport from the neural retina ([@bib33]), and (3) a highly efficient reductive carboxylation system ([@bib18]).

It has been reported that under *in vitro* conditions the RPE is highly reliant on ketogenesis of the phagocytosed OSs ([@bib50]). Similarly, Sparrow et al. ([@bib61]) and Diegner et al. ([@bib14], [@bib49]) have independently shown that retinoid recycling by the RPE is fueled by metabolizing the phospholipids obtained during OS phagocytosis. It is possible that the RPE is more dynamic than the neural retina and actually utilizes different fuel at different times of the day. Similarly, our results indicate that in the middle of the light cycle, the acylcarnitine-mediated lipid oxidation in the mitochondria is higher in the RPE than in the neural retina. This coupled with the finding that the TCA cycle is more anaplerotic indicates that most of the ATP in the RPE is actually generated via fatty acid oxidation following OS phagocytosis. Thus, not only do the photoreceptors rely on the RPE for proper functioning but also the major bulwark of the RPE metabolism cannot function in the absence of healthy OS and their subsequent phagocytosis into the RPE.

It is also interesting that the serine biosynthesis pathway is preferentially elevated in the RPE over the neural retina, even though concentrated amounts of serine are observed at the tips of the phagocytosed OSs ([@bib53]). Our results are in agreement with previous flux studies ([@bib18]), which demonstrated that serine levels are higher in the RPE and may be transported to the neural retina. We also observed that the levels of phosphatidylserine are much higher in the RPE than in the neural retina. As all samples were collected in the middle of the light cycle, these products likely reflect newly synthesized rather than remnants of phagocytosed OSs. Whether these phospholipids are to satisfy RPE\'s need or are transported back to the photoreceptors, is an interesting question that deserves further investigation. An essential pathway that can utilize newly synthesized serine would be sphingolipid metabolism. It is well known that sphingolipids are critical for the neural retina, but their presence in the RPE has not been described. We show that almost all sphingolipid species are far higher in the RPE than in the neural retina. Our metabolite data show that sphingolipids are actually synthesized in the RPE and are corroborated with evidence from both protein and transcript level expression. This means we may have new therapeutic targets for all these retinal dystrophies and calls for much needed research in their dysregulation in the RPE as well. This also presents an unforeseen function as the role of sphingolipids in RPE metabolism has barely been investigated, although there have been so many reports of an impaired sphingolipid rheostat in various diseases affecting both the neural retina and the RPE. Examples of such diseases are AMD, Stargardt disease, DR, and RP ([@bib57], [@bib62]). Patients suffering from macular diseases are also known to have impaired serine metabolism ([@bib55]), and a recent publication showed that toxic sphingolipids in the neural retina pose a risk factor for macular telangiectasia type 2 and peripheral neuropathy ([@bib22]). However, in light of our results here, it is possible that the impaired serine metabolism in these patients actually impairs RPE metabolism initially, in turn resulting in complete breakdown of the neural retina-RPE metabolic homeostasis leading to the pathology. Finally, the inter-relationship between phagocytosis and sphingolipid metabolism is quickly unfolding ([@bib1], [@bib8], [@bib27]). Therefore, it is imperative to question whether these elevated sphingolipid species in the RPE are a reflection of a similar or a distinct function.

Collectively, our work compares the steady-state metabolic activity in the neural retina with that in the RPE and we show that the steady-state adaptations are significantly different from the existent knowledge of labeled metabolite flux between these two tissues. Data presented show how the RPE-neural retina has adapted into an efficient, complimentary, and metabolically diverse symbiotic niche to support each other\'s distinct metabolic requirements. Further work needs to be done to elucidate if dysregulation of any of these pathways in the RPE or the neural retina may make the other more susceptible to pathologies that could affect either one.

Limitations of the Study {#sec3.1}
------------------------

Tissue was collected while the animals were under anesthesia rather than euthanasia, so as to eliminate changes that may be attributed to elevated carbon dioxide in the blood. However, we cannot rule out potential effects of anesthesia as a factor. However, tissue collection time was minimized by performing the steps on ice, keeping the duration consistent and short.

It is widely accepted that flux and steady state together provide a complementary picture of metabolism, even though they independently may not reflect the same results under the same conditions. Multiple flux analyses have been performed on the neural retina and very few on the RPE but no studies so far addressed the steady-state measurements. Our results coupled with published flux data help us build a comprehensive understanding of the neural retina-RPE metabolic niche. However, it must be kept in mind that many factors could significantly affect both steady state and flux analyses and their interpretations. Examples of these factors are mode of euthanasia/anesthesia, time of tissue harvest, strain, whether neural retina was separated from the RPE-choroid before incubation in labeled metabolite, or analysis was performed *in vivo*. Another contributing experimental manipulation is whether animals were fasted or *ad libitum* fed.

The findings in this study are based on UPLC-MS/MS measurements and frozen samples from the murine retina. As noted in previous sections, measurement of metabolites using NMR can result in different values than UPMC-MS/MS. Furthermore, as elucidated in [Transparent Methods](#mmc1){ref-type="supplementary-material"} section, we matched the metabolites identified to the ones known and cataloged in HMDB at the time we analyzed the data. Thus, there might be far more metabolites present differentially between the two tissues, which would become more apparent as they are added to HMDB. Another limitation as emphasized in the article is that all these measurements are done only at a specific time of the day and in mouse from a single strain/background. It would be interesting to note if the steady-state levels of the metabolites change significantly at different times of the day and also if they vary across different strains of mice.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1 and S2
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